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Past  laboratory  and  ﬁeld  studies  have quantiﬁed  phenolic  substances  in  vegetative  matter  from
reﬂectance  measurements  for understanding  plant  response  to herbivores  and  insect  predation.  Past
remote  sensing  studies  on  phenolics  have  evaluated  crop  quality  and  vegetation  patterns  caused  by
bedrock  geology  and  associated  variations  in soil  geochemistry.  We  examined  spectra  of  pure  pheno-
lic  compounds,  common  plant  biochemical  constituents,  dry  leaves,  fresh  leaves,  and  plant canopies  for
direct evidence  of  absorption  features  attributable  to  plant  phenolics.  Using  spectral  feature  analysis  with
continuum  removal,  we  observed  that  a narrow  feature  at 1.66  m is persistent  in spectra  of  manzanita,
sumac,  red  maple,  sugar  maple,  tea,  and  other  species.  This  feature  was  consistent  with  absorption  caused
by aromatic  C  H  bonds  in the  chemical  structure  of phenolic  compounds  and  non-hydroxylated  aromat-
ics.  Because  of  overlapping  absorption  by  water,  the feature  was  weaker  in fresh  leaf  and canopy  spectra
compared  to dry leaf  measurements.  Simple  linear  regressions  of  feature  depth  and  feature  area  with
polyphenol  concentration  in tea resulted  in  high  correlations  and  low  errors  (%  phenol  by  dry  weight)  at
the  dry leaf  (r2 =  0.95, RMSE  = 1.0%, n  =  56),  fresh  leaf  (r2 = 0.79,  RMSE  =  2.1%,  n  = 56),  and  canopy  (r2 =  0.78,
RMSE  =  1.0%,  n  = 13) levels  of measurement.  Spectra  of  leaves,  needles,  and  canopies  of big sagebrush  and
evergreens  exhibited  a weak  absorption  feature  centered  near  1.63  m,  short  ward  of  the phenolic  com-
pounds,  possibly  consistent  with  terpenes.  This  study  demonstrates  that subtle  variation  in  vegetation
spectra  in  the  shortwave  infrared  can directly  indicate  biochemical  constituents  and be  used  to  quan-
tify  them.  Phenolics  are  of  lesser  abundance  compared  to  the major  plant  constituents  but,  nonetheless,
have  important  plant  functions  and  ecological  signiﬁcance.  Additional  research  is  needed  to  advance
our understanding  of  the  spectral  inﬂuences  of  plant  phenolics  and  terpenes  relative  to dominant  leaf
biochemistry  (water,  chlorophyll,  protein/nitrogen,  cellulose,  and  lignin).
Published  by Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY  licensentroduction and Background
Variation in plant biochemical composition is a consequence
f speciation and adaptation by vegetation to external impacts
ncluding climatic and edaphic gradients, predation by insects and
nimals, plant pathogens, and other inﬂuences. The major com-
onents of vegetation are fundamental biochemical constituents
hat are central to their physiological form and function, includ-
ng water, chlorophyll and accessory pigments, cellulose, starch,
ugars, lignin, and protein. These components are commonly the
rimary focus of laboratory, ﬁeld and remote sensing studies that
∗ Corresponding author. Tel.: +13032361359; fax.: +13032363200.
E-mail addresses: raymond@usgs.gov (R.F. Kokaly), a.k.skidmore@utwente.nl
A.K. Skidmore).
ttp://dx.doi.org/10.1016/j.jag.2015.01.010
303-2434/Published by Elsevier B.V. This is an open access article under the CC BY licen(http://creativecommons.org/licenses/by/4.0/).
seek to use reﬂectance spectroscopy to estimate biochemical con-
tent or concentrations in leaves and plant canopies (Kokaly et al.,
2009; Ustin et al., 2009) as well as being the basis of physical radia-
tive transfer models such as PROSPECT (Jacquemoud and Baret,
1990; Jacquemoud et al., 2009).
Nitrogen (N) is highly correlated with protein and it is typ-
ically the quantity studied, although nitrogen is in much lower
concentration in plants than protein (Kokaly and Clark, 1999;
Kokaly, 2001). Other plant constituents with low abundance are
receiving increasing attention. Among these are monophenolic
and polyphenolic constituents, herein referred to collectively as
plant phenolics, which are generally viewed as important for plant
defense (Vermerris and Nicholson, 2006). For example, Soukupová
et al. (2001), Campbell et al. (2004) attributed increases in plant
phenolics in conifer needles as a response to damage caused by
air pollution. On a human level, phenolic compounds have been
se (http://creativecommons.org/licenses/by/4.0/).
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he subject of much study for their potential health beneﬁts as
ntioxidants (Rice-Evans et al., 1996). At the ecosystem level, a
ecent publication examining the biochemical and species diversity
f tropical forests have found plant phenolics to be important for
eparating taxonomic classes (Asner et al., 2012), though the varia-
ion in phenolic concentration within a species as well as between
pecies remains an active area of research (Bian et al., 2013).
In comparison to biochemical constituents with well-deﬁned
hemical structures, such as water, chlorophyll, and cellulose, plant
henolics are highly varied in their composition. They only share
he occurrence of a phenolic ring structure, a cyclic, six-carbon ben-
ene ring modiﬁed to have at least one hydroxyl ( OH) attached
o the carbon atoms in the ring. Common plant phenolics with a
ingle ring include phenolic acids (e.g., salicylic acid), hydroxycin-
amic acids (e.g., caffeic acid), and coumarins. Polyphenolics, of
hich there are thousands, include anthocyanidins (e.g., cyanidin),
avonols (e.g., quercetin), and ﬂavanols (e.g., catechin). Many func-
ions are attributed to plant phenolics, including roles as protective
igments and damage inhibitors as pre-formed phytoanticipins (van
tten et al., 1994). Plant phenolics can also accumulate in cells in
esponse to pathogens; these constituents are termed phytoalexins
e.g., Aguero et al., 2002).
Larger polyphenolics, the tannins, have molecular weights rang-
ng from ∼500 to 3000 (Bate-Smith and Swain, 1962). These were
nitially described as vegetable extracts capable of tanning ani-
al  skins (Seguin, 1796). Tannins can cross-link with proteins
nd inhibit enzymatic activity (Zucker, 1983) and are astringent,
iving a dry, puckery feel to the mouth as in cocoa, tea and
ines (Swain, 1965). Tannins have been studied for their protec-
ive actions against herbivory (Salminen and Karonen, 2011; and
he review by Barbehenn and Constabel, 2011). Condensed tan-
ins, also known as proanthocyanidins, are typically oligomers
nd polymers of catechin, epicatechin and derivatives of these
wo molecules with mono- or tri-hydroxylated benzene rings
Barbehenn and Constabel, 2011). Hydrolysable tannins are more
omplex structurally. They are generally divided into three groups:
allic acid derivatives, gallotannins, and ellagitannins (Salminen
nd Karonen, 2011). Gallic acid derivatives and gallotannins are
ypiﬁed by galloyl groups esteriﬁed to glucose or quinic acid
Mueller-Harvey, 2001). More than 500 ellagitannin structures
ave been described and they occur more frequently in nature than
allotannins (Salminen and Karonen, 2011).
Lignins are a special class of large polyphenol with molecular
eight that can be more than 10,000 (Crawford, 1981); however,
hat value varies dependent on the plant tissue examined and
he extraction method (Tolbert et al., 2014). Lignin adds rigidity
o plant cell walls and has been recognized for some time as a
asic constituent of wood (de Candolle, 1813). Lignin has a poorly-
eﬁned structure comprised of phenolic monolignols, primarily,
-coumaryl, coniferyl and sinapyl alcohols (Hatﬁeld and Vermerris,
001).
Because of their chemical variation, it is expected that the spec-
ra of plant phenolics should also vary, with absorption features
hanging shape and wavelength position based on the substituent
roups bound to the phenolic ring. For robust estimation of plant
henolics as a group using reﬂectance spectra, a persistent and
airly consistent absorption feature is desired that is relatively
nsensitive to variations in molecules attached to the phenolic
ing(s).
Early studies in feed and crop analysis using statistical meth-
ds in near-infrared reﬂectance spectroscopy (NIRS; Norris et al.,
976) indicated that such a consistency might exist for phenolic
ubstances. Windham et al. (1988) predicted the content of tan-
in with a coefﬁcient of determination of 0.91 in Lespedeza cuneata
Dum. -Cours.) G. Don. They noted that reﬂectance at 1.66 m was
he most important wavelength in the prediction equation. In aarth Observation and Geoinformation 43 (2015) 55–83
review of wavelengths related to foliar chemistry, Curran (1989)
listed 1.12, 1.20, 1.42, 1.45, 1.69 m as wavelengths associated with
C H bonds that might be related to lignin. Elvidge (1990) presented
spectra of dried plant components and biochemical constituents,
including tannic acid with absorption features centered near 1.46,
1.66, 1.93, 2.13, 2.26, and 2.32 m,  and two forms of lignin with
absorption features centered near 1.45, 1.68, 1.93, 2.27, 2.33, and
2.38 m. Flinn et al. (1996) used NIRS to estimate concentrations
of phenolic constituents in the fodder shrub tagasaste (Chamae-
cytisus proliferus), in particular the phenolics luteolin and apigenin.
Increased concentrations of the phenolics were found in fodder
rejected by sheep. They reported spectral changes in the 1.67 m
region for samples with high phenolic concentration (>20%) com-
pared to samples with low concentration (<2%). Martin and Aber
(1997) found that imaging spectrometer data could be related to
lignin concentrations in forest canopies using reﬂectance at four
wavelengths, including 1.66 m.  Ben-Dor et al. (1997), in an analy-
sis of reﬂectance spectra of decomposing organic matter, reported
the assignment of 1.669 m to an overtone of the aromatic C H
bond. Foley et al. (1998) indicated wavelengths near 1.65 m are
expected to be related to phenolic compound content but noted
that lignin has absorption near this wavelength.
These early studies indicated the potential for successfully esti-
mating plant phenolic concentrations from wavelength regions.
Recently, contributions to the literature on reﬂectance and plant
biochemistry have again turned to plant phenolics. In Ferwerda
et al. (2006), a reﬂectance spectrum of powdered quebracho
tannin showed absorption features in the wavelength range of
1.64–1.70 m.  Meggio et al. (2010) used a spectral index analysis of
reﬂectance spectra to estimate anthocyanin and tannin concentra-
tions in grape leaves. Asner et al. (2011) examined a large data set
of leaves from humid tropical forest canopies. Although typically
less abundant, they reported phenolics reaching 30% and tannins
up to 20% concentration. Examining leaf reﬂectance spectra with
partial least squares regression (PLSR), they estimated concentra-
tions of phenols and tannins (r2 = 0.74, and 0.62, respectively). Bian
et al. (2010) also used PLSR to relate reﬂectance to catechin content
in tea (Camellia sinensis), where the concentration of that polyphe-
nol was found to range from 14 to 29% on a dry leaf basis. With
similar methods, Bian et al. (2013) related polyphenol content to
reﬂectance spectra of powdered leaves, whole leaves, and plant
canopies, achieving good results with r2 values of 0.91 for powdered
leaves, 0.80 for intact leaves, and 0.84 at the canopy level.
Considering the important roles of phenolics in plants, their
potential for inhibiting or indicating damage or stress to vegeta-
tion, and the wide range of phenolic concentrations in different
species, improved knowledge is desired to assess the application
of spectroscopy and remote sensing to characterizing and quan-
tifying these biochemical constituents. Additional, fundamental
information about the impact of phenolic constituents on vegeta-
tion spectra is needed to assess the contribution of plant phenolics
to species discrimination using spectroscopy and remote sensing.
Our objectives in this paper are: (1) to add to the understanding
of the reﬂectance spectra of plant phenolic compounds, and (2) to
examine leaf and canopy reﬂectance spectra in the 1.66 m region
for direct evidence of absorption features attributable to plant
phenolics. To accomplish these objectives, we  present laboratory
spectra of phenolic compounds, including tannic acid and smaller
compounds that form the building blocks of plant phenolics. Uti-
lizing linear continuum removal, we  use spectral feature analysis
(SFA; see Kokaly et al., 2003) to examine the wavelength positions
of absorption in the measured spectra and contrast these measure-
ments with the positions and shapes of major plant constituents
(lignin, cellulose, starch, and protein). We  examine leaf and plant
canopy spectra in available spectral libraries, and from our own
measurements, to test if unique absorption features related to plant
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Table  1
Sources of biochemical compounds and reﬂectance data.
Biochemical compound Chemical formula Molecular weight (g/mol) Source supplier (item#) or publication Sample identiﬁer
Phenolics
Phenol C6H6O 94 Sigma–Aldrich (#328111) Phenol
Pyrogallol C6H6O3 126 Sigma–Aldrich (#16040) Pyrogallol
Ellagic acid C14H6O8 302 Sigma–Aldrich (#E2250) Ellagic acid
Gallic  acid C7H6O5 170 Sigma–Aldrich (#G7384) Gallic acid
Naringenin C15H12O5 272 Sigma–Aldrich (#N5893) Naringenin
Quercetin C15H10O7 302 Sigma–Aldrich (#Q4951) Quercetin
Tannic acid Approx. C76H56O46 ∼1700 Sigma–Aldrich (#403040) Tannic acid-1
Tannic  acid Approx. C76H56O46 ∼1700 Elvidge (1990) Tannic acid-2
Lignin,  pine No deﬁned structure,
approximately (C31H34O11)n
∼8000 Elvidge (1990) Lignin-1
Lignin, sweetgum No deﬁned structure,
approximately (C31H34O11)n
∼8000 Elvidge (1990) Lignin-2
Lignin, alkali No deﬁned structure,
approximately (C31H34O11)n
∼8000 Sigma–Aldrich (#37095) Lignin-3
Other plant biochemical constituents
Cellulose (C6H10O5)n with -1,4 linkages 10,000–100,000 Sigma–Aldrich (#C6288) Cellulose
Starch, potato Contains amylose and
amylopectin; (C6H10O5)n with
-1,4 linkages and -1,6
branching
10,000–1000,000 Sigma–Aldrich (#33615) Starch
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11,000–120,00
henolics are present. Finally, we test the relationships between
bsorption feature parameters (e.g., depth, width, and area) and
henolic concentrations, at leaf and canopy reﬂectance levels.
aterials and methods
lant biochemical components
urchased plant biochemical components
A variety of sources were used to compile a spectral library of
lant biochemical components, including measurements of chem-
cals purchased from chemical supply companies and spectra in
ublicly available spectral libraries and commercial software pack-
ges. Table 1 shows the chemical compounds, including lignin,
annic acid, and smaller phenolic compounds that are basic compo-
ents of plant phenolics, such as gallic acid and ellagic acid. Many of
hese compounds were purchased from Sigma–Aldrich (St. Louis,
issouri, USA). Fig. 1 shows the chemical structures of the phe-
olic compounds. The most basic phenolic, phenol, was measured.
wo ﬂavonoids, the ﬂavonol quercetin and the ﬂavanone narin-
enin, were measured. In addition to these phenolic compounds,
asic components of plant cells, cellulose, starch, and protein, were
urchased and measured.
pectral measurement of plant biochemical constituents
We  measured reﬂectance using an artiﬁcial (tungsten halo-
en) light source illuminating the sample. The light source was
0 cm from the sample. The make of the spectrometers used to
easure reﬂectance spectra was Analytical Spectral Devices (ASD;
analytical Boulder, Colorado, USA). Numerous models of the ASD
pectrometers were used. The models used and the processing
ethods are described in Section Spectral processing and analy-
is. The bare ﬁber optic head of the spectrometer has a 20◦ ﬁeld of
iew. The ﬁber optic head was placed 3–10 cm from the sample at a
0 zenith angle and 90◦ orthogonal in azimuth to the illumination
irection. The 90◦ orientation was used to reduce specular reﬂec-
ion. Because the amount of sample varied, the ﬁber optic head was
djusted up or down in order to ensure the ﬁeld of view included
nly the sample material being measured. The Spectralon
TM
(Lab-
phere, North Sutton, New Hampshire, USA) white reference panelSigma–Aldrich (#A0512) Amylose
chloroplasts) NOW company (nutrient supplement) Protein
was measured at the same distance as the sample to spectrometer
distance. The number of spectra recorded for each sample varied
from 19 to 42. The reﬂectance spectra measured in this setup are
termed conical-conical reﬂectance factors (CCRF) by Schaepman-
Strub, et al. (2006).
Spectra of dried and fresh leaves and plant canopies
ACCP data set of spectra of dried, ground leaves and associated
biochemical composition
The NASA Accelerated Canopy Chemistry Program (ACCP) data
set was  compiled by an interdisciplinary team to investigate
the feasibility of quantifying canopy biochemical composition
from remote sensing observations (ACCP, 1994). The data set
contains spectra and biochemistry for more than 30 deciduous
and coniferous tree species. Prior to measurement, leaf sam-
ples were oven dried at 70 ◦C for 48 h, ground through a 1-mm
mesh, and homogenized (Newman et al., 1994). Spectra over
the range 1.1–2.5 m were measured with NIRSystems Model
6250 and 6500 scanning monochromators (NIRSystems, Silver
Springs, Maryland, USA) with a spinning sample cup module
(Bolster et al., 1996; Johnson and Billow, 1996). The instruments
had 2-nm sampling interval with 10-nm bandpass. The ACCP
data were converted from log(1/R) to reﬂectance as described in
Kokaly (2001). The reﬂectance spectra measured in this setup are
termed bihemispherical reﬂectance (BHR) by Schaepman-Strub,
et al. (2006).
Plant samples were analyzed by Newman et al. (1994) for nitro-
gen concentration with a PerkinElmer CHN Elemental Analyzer
(PerkinElmer, Norwalk, CT, USA). Lignin and cellulose concentra-
tion were determined by a modiﬁed wood-products chemistry
procedure (Newman et al., 1994). Douglas-ﬁr samples were ana-
lyzed for nitrogen (Johnson and Billow, 1996) with a Perstorp
Analytical RFA/2 continuous ﬂow auto-analyzer (Perstorp-OI Cor-
poration, College Station, TX, USA).
Reﬂectance spectra were analyzed using methods described in
Section Automated SFA. Biochemical concentrations from the ACCP
were used to interpret changes in the positions and shapes of phe-
nolic absorption features when inﬂuenced by cellulose and other
biochemical constituents of plants.
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Fig.1. Chemical structures of phenolic compounds.
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pectra of dry plant materials from Elvidge (1990)
In addition to the measured spectra of materials, we used spec-
ra from published spectral libraries in the commercially available
NVI software (Exelis Visual Information Solutions, Boulder, Col-
rado, USA), speciﬁcally dry plant matter from Elvidge (1990). The
pectra that we analyzed are shown in Table 2. Elvidge (1990)
escribes the data as hemispherical reﬂectance spectra measured
rom 0.4 to 2.5 m.  The spectrometer used was a Beckman UV-
240 spectrophotometer equipped with an integrating sphere. The
ampling interval of the spectrometer was reported as 1 nm in the
.4–0.8 m region and 4 nm from 0.8 to 2.5 m.  Bandwidths were
maller than 5 nm over most of the 0.4–1.3 m region and between
 nm and 16 nm over most of the 1.3–2.3 m wavelength region
ranging from 1 nm to 28 nm overall). A halon plate was used as
 reﬂectance standard. No information is given in Elvidge (1990)
bout whether spectra were left as relative reﬂectance or whether
hey were converted to absolute reﬂectance. The reﬂectance spec-
ra measured in this setup are termed bihemispherical reﬂectance
BHR) by Schaepman-Strub, et al. (2006).
pectral measurements of dried and fresh leaves
Reﬂectance spectra of dried and fresh leaves of manzanita,
umac, sagebrush, pine, ﬁr and Douglas-ﬁr were measured using
SD spectrometers (Table 2). Leaves were stacked in optically thick
iles. The bare ﬁber of an ASD spectrometer was used to measure
he reﬂectance spectra of the stacked leaves relative to a Spectralon
hite reference panel. The ﬁber optic cable was  pointed at nadir
straight down) at a height of 6 cm above the leaves and moved
round the area of stacked leaves during the measurement. The
nstrument was programmed to record 6 s averages of reﬂectance
thus, each recorded spectrum was an average of 60 individual
easurements). The spectrometer was conﬁgured to measure 240
amples of dark current (24 s integration time) and 240 samples
f white reference (24 s integration time). The number of spectra
ecorded for each sample varied from 15 to 31. The ASD spec-
rometers were used in the laboratory to measure the reﬂectance
pectra of all samples except for manzanita, which was  mea-
ured in the ﬁeld (Swayze et al., 2009). The laboratory reﬂectance
pectra are termed conical-conical reﬂectance factors (CCRF) by
chaepman-Strub, et al. (2006). Because sunlight was  the illumina-
ion source for the manzanita spectra, these reﬂectance spectra are
emispherical-conical reﬂectance factors (HCRF), as described by
chaepman-Strub, et al. (2006). Recorded spectra were processed
ccording to the methods in Section Spectral processing and anal-
sis.
pectral measurements of plant canopies
Reﬂectance spectra of plant canopies of manzanita, sumac,
hokecherry, sagebrush, juniper, and pine were measured using
SD spectrometers, see Table 2. These reﬂectance spectra were
easured with an ASD spectrometer relative to a Spectralon refer-
nce panel. The bare ﬁber of the spectrometer was  used to measure
he reﬂectance spectra of a single manzanita bush. The ﬁber optic
able was pointed at nadir (straight down) at approximately shoul-
er height above each plant that was measured. The instrument
as programmed to record 6 s averages of reﬂectance (thus, each
ecorded spectrum was an average of 60 individual measurements).
he spectrometer was conﬁgured to measure 240 samples of dark
urrent (24 s integration time) and 240 samples of white refer-
nce (24 s integration time). The number of spectra recorded for
ach sample varied from 5 to 16. Recorded spectra were pro-
essed according to the methods in Section Spectral processing
nd analysis. Because sunlight was the illumination source for the
lant spectra, these reﬂectance spectra are hemispherical-conicalarth Observation and Geoinformation 43 (2015) 55–83 59
reﬂectance factors (HCRF), as described by Schaepman-Strub, et al.
(2006).
Tea leaf and canopy spectral measurements and phenolic
concentrations
Reﬂectance spectra of dried and fresh leaves and plant canopies
of tea (Camellia sinensis) were measured by Bian et al. (2013). Fifty-
six leaf samples and forty-eight tea canopies were measured. The
spectral measurements are described by Bian et al. (2013) and
brieﬂy summarized here. Fresh tea leaves were measured using an
ASD FieldSpec Pro FR spectrometer with the bare ﬁber over a circu-
lar measurement area of 10 cm diameter. Within this measurement
area, an optically dense pile of leaves (more than 200 leaves in more
than 10 layers) was placed on top of a black thick cardboard. Spec-
tra were measured relative to a Spectralon white reference panel.
Each recorded spectrum was  an average of 10 measurements (1 s
integration time). Nine recordings were made of each leaf pile. In
between each recording, the leaves on the tray were randomly rear-
ranged. The tray was  rotated horizontally 120◦ after every three
recordings. The nine recordings were averaged and converted to
absolute reﬂectance. Subsequently, the reﬂectance spectra were
corrected for detector offsets according to the methods in Section
Spectral processing and analysis.
To prepare dried, powdered tea, the fresh leaves were placed in
an oven for more than 10 h at 80 oC. Dried leaves were ground using
an electric mill and passed through a sieve with a mesh width of
75 microns. The ASD FieldSpec Pro FR spectrometer with a 5◦ fore-
optic was  used to measure a 1 cm area of the tea powder (from
a height of 12 cm above a circular area of 10 cm of tea powder).
The thickness of the layer of tea powder in the dark container was
1 cm.  The spectrum of each pile of tea powder was recorded three
times, where each recording had an integration time of 1 s. Spec-
tra were measured relative to a Spectralon white reference panel.
For each pile, recordings were averaged and converted to absolute
reﬂectance. Subsequently, the reﬂectance spectra were corrected
for detector offsets according to the methods Section Spectral pro-
cessing and analysis. The laboratory arrangements for measuring
tea reﬂectance spectra resulted in conical-conical reﬂectance fac-
tors (CCRF) as described by Schaepman-Strub, et al. (2006).
The spectral measurements of tea canopies were carried out
between 10:30 and 13:00 on cloud-free, sunny days in September,
2008. The bare ﬁber optic of the spectrometer was approximately
10–20 cm above the top of the plants, with a measured area of
approximately 15–60 cm2. Soil background was  less than 1%. Six
points over each tea bush were measured with 1 s integration time
(thus, each recording was the average of ten individual sample mea-
surements). The Spectralon white reference panel was measured
between each recording of canopy spectra to allow for changing
illumination. The measurements from four tea bushes were con-
sidered a single observation. The spectra from the four plants were
averaged and converted to absolute reﬂectance. Subsequently, the
reﬂectance spectra were corrected for detector offsets accord-
ing to the methods in Section Spectral processing and analysis.
Because sunlight was  the illumination source for the tea plants
these reﬂectance spectra are hemispherical-conical reﬂectance fac-
tors (HCRF), as described by Schaepman-Strub, et al. (2006). With
the distinctions between measurement setups and reﬂectance ter-
minology noted in the subsections of this Materials and methods
Section, the generic term reﬂectance is used in the rest of this paper.
Wet  chemistry analysis of dried and ground tea powder was  car-
ried out in the laboratory as described by Bian et al. (2013). Standard
wet chemistry methods were used to determine the concentrations
of total tea polyphenols using the Folin-Ciocalteu method with
the solution absorbance read at 765 nm (Ainsworth and Gillespie,
2007).
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Table 2
Plant materials measured.
Measurement level Sample identiﬁers Common name Scientiﬁc name Source location or publication Description
Leaves, dry Manzanita1-B Bigberry manzanita Arctostaphylos glauca Elvidge (1990) Bark, red
Manzanita1-LD Bigberry manzanita Arctostaphylos glauca Elvidge (1990) Leaves, dried
Sage-LD1 Big sagebrush Artemisia tridentata Nutt. Yellowstone National Park (NP), Wyoming, USA Leaves, dried
Sage-LD2 Big sagebrush Artemisia tridentata Nutt. Elvidge (1990) Leaves, senesced
Pine1-LD Whitebark pine Pinus albicaulis Engelm. Yellowstone NP, Wyoming, USA Needles, dried
Pine2-LD  Lodgepole pine Pinus contorta Douglas ex Loudon Yellowstone NP, Wyoming, USA Needles, dried, light green
Fir-LD  Subalpine ﬁr Abies lasiocarpa (Hook.) Nutt. Yellowstone NP, Wyoming, USA Needles, dried
Dougﬁr-LD Douglar ﬁr Pseudotsuga menziesii Yellowstone NP, Wyoming, USA Needles, dried
Leaves,  fresh Manzanita1-LF Bigberry manzanita Arctostaphylos glauca Elvidge (1990) Leaves, fresh
Manzanita2-LF White stickyleaf manzanita Arctostaphylos viscida Parry El Dorado county, California, USA  Leaves, fresh
Sumac-LF Smoothbark sumac Rhus glabra L. Dinosaur Ridge, Colorado, USA Leaves, fresh
Sage-LF  Big sagebrush Artemisia tridentata Nutt. Arches NP, Utah, USA Leaves, fresh
Pine1-LF  Whitebark pine Pinus albicaulis Engelm. Yellowstone NP, Wyoming, USA Needles, fresh
Pine2-LF  Lodgepole pine Pinus contorta Douglas ex Loudon Yellowstone NP, Wyoming, USA Needles, fresh
Fir-LF  Subalpine ﬁr Abies lasiocarpa (Hook.) Nutt. Yellowstone NP, Wyoming, USA Needles, fresh
Plants Manzanita2-P1 to -P6 White stickyleaf manzanita Arctostaphylos viscida Parry El Dorado county, California Six different shrubs
Sumac-P  Sumac Rhus spp. Theodore Roosevelt NP, North Dakota, USA Shrub
Chokecherry-P Chokecherry Prunus virginiana L. Theodore Roosevelt NP, North Dakota, USA Shrub
Sage-P1  and -P2 Big sagebrush Artemisia tridentata Nutt. Lefthand Creek, Wyoming, USA Shrub
Juniper-P Juniper Juniperus spp. Lefthand Creek, Wyoming, USA Shrub
Pine3-P  Limber pine Pinus ﬂexilis James Lefthand Creek, Wyoming, USA Small tree
Tea Tea-LD01 to -LD56 Tea Camellia sinensis (L.) Kuntze Bian et al. (2013) Dried and ground leaves
Tea-LF01  to -LF56 Tea Camellia sinensis (L.) Kuntze Bian et al. (2013) Thick stacks of leaves
Tea-P01 to -P48 Tea Camellia sinensis (L.) Kuntze Bian et al. (2013) Bushes
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Fig. 2. Example of offset correction for AS
pectral processing and analysis
Spectra were processed and analyzed using a freely available
pectral analysis package written in Interactive Data Language (IDL;
xelis Visual Information Solutions, Boulder, Colorado, USA). The
SGS Processing Routines in IDL for Spectroscopic Measurements
PRISM) software has been described by Kokaly (2011) and is pub-
icly available. When used to average ASD spectra, PRISM allows
he user to correct the offsets between detectors and to convert
he data to absolute reﬂectance. PRISM functions for continuum
emoval and spectral feature analysis were also used in this study.
orrecting detector offsets
Because the spectra used in this study were collected at different
eld sites over the course of more than ten years, a variety of ASD
eld spectrometer models were used, including the FullRange (FR),
ieldSpec Pro FieldSpec3, and FieldSpec4 models. These spectrom-
ters all span the wavelength range of 0.35–2.50 m using three
etectors, with reﬂectance reported every 1 nm.  Generally, the
etectors cover the wavelength ranges 0.350–1.000, 1.001–1.800,
nd 1.801–2.500 m.  The exact splice positions between detec-
ors vary by instrument and depend on detector performances and
anufacturer settings. Offsets between detectors arise from the
pectrometer design, where optical ﬁbers lead to different detec-
ors. Although the ﬁbers are randomized in the ﬁber optic cable,
here is still the possibility that ﬁbers leading to the different
etectors may, on average, be viewing slightly different parts of a
easured surface. This will be most apparent when the ﬁber optic
ead is close to the measured surface, the sample is heterogeneous,
nd the ﬁber optic head is held in a static position.
PRISM applies simple multiplicative factors to correct the detec-
or offsets. The second detector has been observed to be more stable
t the end points of its wavelength coverage, compared to the other
etectors. As a result, the ﬁrst and third detectors are adjusted to
e consistent with the middle detector. A linear extrapolation is
ade from the last two channels of the stable detector to the end
hannel of the detector to be adjusted. The multiplicative factor
s calculated by dividing the extrapolated reﬂectance value by the
ecorded reﬂectance value. The factor is applied to all channels of
he detector being adjusted. Fig. 2a and b illustrate the calculation
f the correction factors.onversion from relative reﬂectance to absolute reﬂectance
Spectrometer data collection commonly involves a white refer-
nce panel. The energy reﬂected off the reference is used as a proxyWavelength (µm)
Fig. 3. Reﬂectance spectrum of Spectralon.
for the energy illuminating the sample material or target area. How-
ever, reference panels are not completely reﬂective. Converting
the data to absolute reﬂectance removes the distorting inﬂuence
caused by absorption of energy by the reference panel.
In this study, absolute reﬂectance (R) as a function of wavelength
() was  obtained by multiplying the reﬂectance measurement
made relative to Spectralon (Rrel) by the reﬂectance of Spectralon:
R() =Rrel() × RSpectralon() (1)
The reﬂectance of Spectralon was determined at the USGS
Spectroscopy Lab in Denver (G. Swayze, unpublished data) using
the procedure described for halon in Clark et al. (1990). As the
reﬂectance spectrum of Spectralon shows (Fig. 3), the contamina-
tion of the panel is very small over most wavelengths. However,
there is a signiﬁcant absorption by Spectralon in the wave-
lengths between 1.95 and 2.21 m and at wavelengths greater than
2.25 m.  If this inﬂuence of Spectralon is not removed, the “relative
reﬂectance spectrum” of a sample will be distorted for wavelengths
greater than 1.95 m (Clark et al., 2002). Fig. 4a shows an example
of measurements of leaves of sagebrush made with an ASD spec-
trometer. Fig. 4b shows the averaged, offset-corrected spectrum
converted to absolute reﬂectance, along with one of the measured
spectra for comparison.Continuum removal
Continuum removal is used to isolate and analyze features in
reﬂectance spectra (see Clark and Roush, 1984; Kokaly and Clark,
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Fig. 5. Spectral feature analysis: (A) continuum endpoints and continuum line; (B)
feature center position determined by quadratic ﬁt to the minimum channel in theig. 4. Comparison of ASD spectra: (A) relative reﬂectance with uncorrected offsets;
nd (B) averaged, absolute reﬂectance spectrum with offsets corrected.
999). Continuum removal, also referred to as baseline normaliza-
ion, has been commonly used in laboratory infrared spectroscopy.
his technique has been applied to spectra as part of analyses to
ap the distribution of minerals and vegetation (Clark et al., 1990;
ustard and Sunshine, 1999; Clark et al., 2003; Kokaly et al., 2003;
okaly, 2011). The continuum is an estimate of the other absorp-
ions present in the spectrum, not including the one of interest
Clark, 1999; Clark and Roush, 1984). In that sense, continuum
emoval is most often performed on absorption features.
The continuum is deﬁned by the line connecting the continuum
ndpoints (Fig. 5a). The continuum endpoints are the channels at
he high points on the left and right sides of the absorption feature
C1 and C2, respectively). The values of the continuum-removed
pectrum (RC) are calculated by dividing the original reﬂectance
alues (R) by the corresponding values of the continuum line (RL)
or all the channels in the wavelength region (1 to 2) between
he endpoints of the absorption feature:
C () =
R()
RL()
(2)
FA and calculating the feature center
The continuum-removal process allows the separation of the
bsorption feature of interest from the spectral inﬂuence of back-
round materials. The continuum-removed feature can then be
urther analyzed to compute parameters that describe the absorp-
ion feature, such as the central wavelength position, the feature
epth, and the feature width (see Kokaly, 2011). Collectively, this
as been termed spectral feature analysis (SFA; Kokaly et al., 2003).
Here, we call the central wavelength of the absorption the fea-
ure center. In previous studies, this has been termed band center.
continuum-removed spectrum and one channel on each side; (C) feature depth and
width (full-width at half-maximum); and (D) feature area, calculated by summing
the individual areas between the continuum line and channels in the continuum-
removed feature.
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e prefer the term feature center to avoid confusion of band cen-
er with the common usage of the word band to describe a channel
f a multispectral sensor. There are many ways to characterize the
eature center, including, the wavelength position of the minimum
hannel in the continuum-removed feature, polynomial functions
tted to the band minimum channel and channels on each side
Clark, 1993; Cameron et al., 1982; Savitzky and Golay, 1964), and
enter of gravity methods (Choquette et al., 1998; Cameron et al.,
982).
A standard technique for determining the feature center has
een the ﬁtting of a quadratic function to the band minimum chan-
el and one channel on either side (Clark, 1993). As opposed to the
se of the band minimum channel, the quadratic ﬁt is not tied to the
ampling positions of a single channel in a spectrometer and some-
hat resistant to the effect of noise (Cameron et al., 1982). This
ethodology has been adopted in newer software tools (Kokaly,
011; van Ruitenbeek et al., 2014). In this paper, we report feature
enters using the quadratic ﬁt approach in PRISM which utilizes
he singular value decomposition least-squares ﬁtting algorithm
SVDFIT) of IDL. Fig. 5b shows an example of quadratic ﬁtting, using
RISM, to establish the central wavelength of an absorption feature.
eature depth and area
The depth (D) of an absorption feature is calculated as the dif-
erence between the continuum line and the minimum value in the
ontinuum-removed spectral feature:
 = 1.0 min(RC) (3)
The feature width is calculated as the full-width at half-
aximum (FWHM) of the feature depth. The width of a line at
alf-maximum (½D) is calculated using the intersection of the half-
aximum line with line segments connecting the spectrometer
hannels. On the left of the center line, the channels that fall above
nd below the half maximum value (WL1 and WL2, respectively)
re used to establish the left wavelength value of the FWHM line
WL). On the right of the center line, the channels that fall below
nd above the half maximum value (WR1 and WR2, respectively)
re used to establish the right wavelength value of the FWHM line
WR). Examples of these values are illustrated on Fig. 5c. Linear
nterpolation is used to calculate the WL  and WR values. The fea-
ure width deﬁned in this manner is termed FWHM and is simply
omputed as:
WHM = WR  − WL (4)
FWHM has units of wavelength. In this study we used nanome-
ers (nm) because the features had widths of a magnitude that were
onveniently expressed in this format.
The feature area is calculated using all the channels that fall
ithin the continuum endpoints (C1 and C2). The individual areas
elow the continuum line are calculated and summed to calculate
he total area of the feature (Fig. 5d).
utomated SFA
PRISM has a function for automated spectral feature analysis
Kokaly, 2011). With this function, the user establishes the ini-
ial continuum endpoints and the set of spectra to be analyzed.
he PRISM software applies continuum removal to each spectrum
nd derives the spectral feature parameters (e.g., center, depth,
idth, area, etc.). PRISM performs continuum removal twice and
eports the feature parameters for: (1) the initial set of contin-
um endpoints; and (2) an automatically adjusted set of continuum
ndpoints. The initial endpoint selection is referred to as the ﬁxed
ndpoints. PRISM looks for better continuum endpoints on both
ides of the absorption feature, by searching for nearby channels
hat have continuum-removed values higher than the initial end-
oints. The new endpoint channels are referred to as the adjustedarth Observation and Geoinformation 43 (2015) 55–83 63
endpoints. The searching is done within a restricted number of
channels to either side of each endpoint. Because many studies have
indicated that reﬂectance in the 1.66 m region is highly correlated
to phenolic concentrations in plant matter, the automated spectral
analysis was applied to this portion of leaf and plant spectra. The
initial continuum endpoints and ranges for adjusted endpoints are
shown in Table 3 for the different spectral data sets.
In this paper, the descriptive parameters (center, depth, width,
and area) are reported for the adjusted continuum endpoints.
However, feature parameters from both the ﬁxed and adjusted
endpoints were used in regression analysis with tea phenolic con-
centrations. Also, because their continuum endpoints varied so
greatly and there were just a few samples, automated spectral
feature analysis was  not applied to the spectra of the biochemi-
cal compounds. Instead, a custom selection of endpoints was done
using the interactive continuum removal function of PRISM.
ASD wavelength and bandpass evaluation
The wavelength position and bandpass performance of the ASD
spectrometers were evaluated using wavelength calibration mate-
rials with narrow absorption features. Bandpass is the wavelength
interval over which each channel is sensitive. The evaluation proce-
dure is described in the PRISM software user’s guide (Kokaly, 2011).
This procedure involves the measurement of one-pass transmission
through three reference materials: a NIST SRM 2035 (Choquette
et al., 1998), which is a rare-earth doped glass, a praseodymium-
doped glass, and a Mylar plastic sheet. Because the absorption
features of these materials are narrow, transmission measurements
made on higher resolution spectrometers (those with smaller sam-
pling interval and bandpass) can be convolved and compared to
the ASD measurements. Kokaly (2011) describes the process of
convolving and comparing the narrow absorption features to esti-
mate the average ASD bandpass for each detector range. With
the bandpass performance characterized, Kokaly (2011) describes
how the center wavelength positions of absorption features can be
calculated and compared to check for and correct for shifts in spec-
trometer wavelengths. The standard resolution ASD spectrometers
used in this study had bandpass values, on average, of 5 nm,  11 nm,
and 11 nm,  respectively for the three detectors. A high resolution
FieldSpec3 was  used to measure many of the phenolic compounds.
This instrument had average bandpass values of 4 nm, 9 nm, and
9 nm,  for its three detectors.
Linear regression with phenolic concentrations
Simple regression was  used to test if the 1.66 m absorption
feature parameters are linearly related to phenolic concentrations
in tea leaves. First, the automated spectral feature analysis was
applied to the tea spectra. The LINEST function of Excel (Microsoft;
Redmond, Washington, USA) was used to relate feature depths,
widths, and areas, separately, with the phenolic concentrations.
Independent regressions were performed with the dry, fresh and
canopy data sets. Regressions were calculated using parameters
derived from both the initial continuum endpoint selections and
the automatically adjusted endpoints. Four parameters were used
to evaluate the regression results, the coefﬁcient of determination
(r2), the F statistic, the root-mean square error (RMSE) between
actual and predicted values, and the relative RMSE (rRMSE; the
RMSE divided by the sample mean, expressed as a percentage).
ResultsSpectra of phenolic compounds
Reﬂectance spectra of phenolic compounds are shown in Fig. 6.
At wavelengths short ward of 1.0 m,  the spectra have slowly
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Table  3
Initial and adjusted continuum endpoints for SFA of plant materials.
Data set Left continuum
endpoint
Right continuum
endpoint
Subset Wavelength of initial
channel (m)
Wavelength range of
adjusted endpoints (m)
Wavelength of initial
channel (m)
Wavelength range of
adjusted endpoints (m)
Dried leaves
Manzanita 1.634 1.632–1.636 1.680 1.680–1.692
Sage  1.610 1.608–1.611 1.640 1.640
Pine/ﬁr/Douglas-ﬁr 1.624 1.622–1.627 1.644 1.642–1.644
Fresh  leaves
Manzanita 1.640 1.636–1.643 1.678 1.676–1.680
Sumac 1.636 – 1.676 –
Sage  1.613 – 1.648 –
Pine/ﬁr 1.624 1.622–1.628 1.642 1.642–1.644
Plant  canopies
Manzanita 1.646 1.644–1.646 1.681 1.680–1.681
Sumac 1.646 – 1.673 –
Chokecherry 1.655 – 1.676 –
Sage  1.617 1.617 1.642 1.641–1.644
Pine/juniper 1.621 1.620–1.623 1.646 1.644–1.647
ACCP  dried leaves
Red maple 1.634 1.634–1.640 1.680 1.678–1.684
Sugar  maple 1.650 1.644–1.652 1.676 1.672–1.682
White birch 1.650 1.644–1.654 1.676 1.672–1.682
Red  oak 1.652 1.650–1.658 1.674 1.670–1.680
White oak 1.652 1.652–1.656 1.674 1.672–1.676
White pine 1.652 1.652–1.658 1.674 1.674–1.680
Red  spruce 1.652 1.652–1.656 1.674 1.670–1.680
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FDried  leaves 1.649 1.642–1.650 
Fresh  leaves 1.652 1.646–1.658 
Plant  canopies 1.648 1.646–1.654 
hanging shapes, characterized by absorption features centered in
he ultraviolet (UV). The long ward edges (wings) of the UV absorp-
ions extend into the visible (VIS) and near-infrared (NIR). The wing
f the UV extends further into the NIR for the larger molecules
tannic acids and lignins) compared to the smaller molecules (e.g.,
yrogallol and gallic acid). Increasing conjugation of carbon bonds,
hat is, increasing the number of linkages of carbon in alternating
ingle and double bond arrangements, can lead to such extension
f the UV absorption (Schanda, 1986).
From 1 to 1.5 m,  the phenolics exhibit a small absorption fea-
ure centered near 1.13 m.  The feature is stronger (greater depth
f absorption) in phenol, pyrogallol, and gallic acid and weaker in
annins). Pyrogallol and gallic acid have weak absorption features in
he 1.25–1.30 m region, which are only slightly evident for ellagic
cid and tannins. The larger phenolic compounds exhibit an absorp-
ion feature centered near 1.47 m,  arising from the O H bonds in
heir structures.
All the spectra of the measured compounds have an absorption
eatured centered near 1.66 m.  This feature shifts slightly in wave-
ength position (Table 4). While most of the phenolic compounds
able 4
eature parameters for absorptions near 1.66 m.
Phenolic compound Center (m) Depth Width (nm) Area (nm)
Phenol 1.676 0.4847 37.7 20.598
Pyrogallol 1.671 0.3737 31.1 22.740
Ellagic acid 1.667 0.1635 173.9 25.247
Gallic acid 1.659 0.0832 14.8 1.466
Naringenin 1.656 0.1102 41.7 5.988
Quercetin 1.659 0.0420 41.3 1.802
Tannic acid-1 1.657 0.1070 28.3 3.537
Tannic acid-2 1.653 0.0820 24.5 2.226
Lignin-1 1.669 0.0392 91.8 3.951
Lignin-2 1.670 0.0397 82.4 3.212
Lignin-3 1.677 0.0815 104.7 8.0631.679 1.676–1.687
1.671 1.666–1.676
1.671 1.661–1.674
have a narrow feature (width less than 42 nm), the lignin feature
is centered at a slightly longer wavelength, 1.67 m,  and is much
broader (82–104 nm wide). The lignin absorption has an asymmet-
ric shape, with more of the absorption area on the long wavelength
side of the feature center.
In the 2.0–2.5 m region, all spectra exhibit overlapping absorp-
tions about a central wavelength near 2.14 m.  The position of
strongest absorption generally shifts from a shorter wavelength
for larger compounds (2.137 and 2.144 m for tannic acid-1 and
lignin-1, respectively) to longer wavelength in the smaller com-
pounds (2.141 m for gallic acid, 2.147 m for phenol, 2.158 m
for ellagic acid, and 2.186 m for pyrogallol). As noted for other
features, the spectral variations are sharper and more complex in
the small compounds compared to the broad, smoothly varying
features in the tannin and lignin spectra.
Lignin exhibits a broad absorption feature centered near
2.27 m; other phenolic compounds do not have strong absorption
near this position. Ellagic acid has the nearest absorption; however,
it is a weak absorption feature centered near 2.28 m.
Spectra of basic plant biochemical constituents
Fig. 7 shows the spectra of lignin and tannic acid plotted
with some of the basic plant constituents. Cellulose, starch and
amylose, all chemically similar, have spectra comparable to one
another. They have major absorption features centered near 1.77
and 2.10 m,  and doublet absorptions with feature centers near
2.27 and 2.33 m.  These features do vary slightly between cellulose
and amylose/starch. Protein has absorption features centered near
1.73, 2.05, and 2.17 m,  and a doublet feature with centers near
2.23 and 2.35 m.  All spectra exhibit hydroxyl-related absorption
features near 1.49 and 1.93 m.
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aig. 6. Reﬂectance spectra of phenolic compounds (see Table 1 for sample descript
o  spectra are 0.0, 0.0, 0.15, 0.6, 0.7, 1.0, 1.2, 1.7, 1.9, 2.6, and 3.2. The original reﬂec
While tannic acid and the other plant phenolics have absorp-
ion features near 1.66 m,  cellulose, starch, and amylose have no
bsorption feature in this area and show a peak in reﬂectance. The
losest absorption features in these compounds are weak features
ear 1.70 m.  Protein also has a peak in reﬂectance near 1.66 m.
he closest absorption features in the measured protein are weak
bsorptions centered near 1.58 and 1.69 m.Spectra are offset for clarity. From bottom to top spectrum, the offset values added
values for channels at 1.3 m are labeled next to each spectrum.
Spectra of leaves in the ACCP data set
PRISM’s automated continuum removal/spectral feature anal-
ysis was run on the ACCP spectra to detect and characterize
absorption features near 1.66 m.  The results show some con-
sistent trends in wavelength position as a function of species
(Table 5). Red maple and sugar maple were both found to have a
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Table 5
Feature parameters for absorptions near 1.66 m and in the ACCP samples and average chemistry.
Common name/
scientiﬁc name
# With feature
of total #
Feature parameters Chemical concentrations (% by dry weight)
Center (m)  Depth Width (nm) Area (nm) Nitrogen Cellulose Lignin Lignin: cellulose
Avg. (std. dev.) Avg. (std. dev.) Avg. (std. dev.) Avg. (std. dev.) Avg. (std. dev.) Avg. (std. dev.) Avg. (std. dev.) Avg. (std. dev.)
Red maple 91 1.6587 0.0237 19.9 0.487 1.6 30.3 18.2 0.60
Acer  rubrum L. of 93 (0.0003) (0.0058) (0.8) (0.139) (0.3) (2.7) (1.5) (0.08)
Sugar  maple 27 1.6613 0.0040 13.8 0.063 2.1 39.7 17.5 0.44
Acer  saccharum Marsh. of 29 (0.0006) (0.0031) (2.5) (0.060) (0.3) (3.9) (1.2) (0.06)
White  birch 25 1.6629 0.0038 14.2 0.060 2.0 34.1 21.6 0.63
Betula  papyrifera Marsh. of 30 (0.0010) (0.0026) (2.6) (0.049) (0.4) (2.6) (2.1) (0.07)
Red  oak, northern 37 1.6642 0.0016 12.1 0.021 2.4 41.7 26.1 0.63
Quercus  rubra L. of 90 (0.0011) (0.0008) (2.3) (0.015) (0.3) (2.5) (2.2) (0.08)
White  oak 19 1.6640 0.0008 9.4 0.008 2.6 43.6 21.7 0.50
Quercus  alba L. of 29 (0.0004) (0.0004) (1.0) (0.005) (0.2) (2.4) (2.2) (0.07)
White  pine, eastern 38 1.6664 0.0019 13.3 0.026 1.6 38.5 26.5 0.69
Pinus  strobus L. of 40 (0.0018) (0.0006) (2.4) (0.011) (0.2) (3.1) (1.8) (0.06)
Red  spruce 49 1.6688 0.0043 15.4 0.066 0.9 40.2 26.9 0.67
Picea  rubens Sarg. of 49 (0.0011) (0.0014) (1.1) (0.022) (0.1) (2.3) (2.2) (0.05)
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Fig.7. Reﬂectance spectra of major plant constituents and tannic acid (see Table 1 for sample descriptions). Spectra are offset for clarity. From bottom to top spectrum, the
o nce va
h
p
c
i
d
mffset  values added to spectra are 0.0, 0.4, 0.5, 1.0, 1.3, and 1.5. The original reﬂecta
igh percentage of spectra with absorption features at the 1.66 m
osition. The feature was much deeper, on average, for red maple
ompared to sugar maple.Fig. 8 shows example reﬂectance spectra for the species shown
n Table 5. Absorption features near 1.66 m are clearly evi-
ent on the shoulder of the broad 1.72 m features for the red
aple, sugar maple, white birch and red oak spectra. It is weaklylues for channels at 1.3 m are labeled next to each spectrum.
present in the spectrum of the white oak sample. It appears to be
absent from the white pine and red spruce spectra. Table 5 shows
that, on average, the feature becomes weaker and shifts position
from 1.659 m in red maple to 1.664 m in red oak. The auto-
mated spectral feature analysis reports a weak feature, shifted to
longer wavelengths near 1.67 m,  for white pine and red spruce
samples.
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pectra of dry plant matter
The spectra of manzanita bark (manzanita1-B) and dried
anzanita leaves (manzanita1-LD) show an absorption featureentered near 1.66 m (Fig. 9). Table 6 shows that the feature in
ark is at 1.662 m and in the leaves the feature is at 1.658 m.
eaker spectral features were found near this position in the sage-
rush and conifer spectra; however, they are centered at shorteror clarity. From bottom to top spectrum, the offset values added to spectra are 0.0,
wavelength positions compared to manzanita (at wavelengths less
than 1.636 m, see Fig. 9 and Table 6).
Spectra of fresh leavesAn absorption feature at or very close to 1.66 m was found in
fresh leaf spectra of manzanita and sumac (see Fig. 10 and Table 6).
As observed for dried leaves of sagebrush and conifers, the fresh
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l
p
c
o
v
teaf spectra also show absorption features at shorter wavelength
osition. The feature in that sample of fresh sagebrush leaves is
entered at 1.629 m,  close to the 1.625 m feature in the spectra
f dried sagebrush leaves. The spectra of fresh conifer needles had
ery weak features centered in the 1.632 to 1.636 m region, as did
he dried needles.Spectra of plants
The spectra of whole plants show the same features (Fig. 11)
and trends in feature positions (Table 6) as spectra of dried plant
matter and fresh leaves. Manzanita, sumac and chokecherry have
absorption features near 1.66 m;  feature centers are all within
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Table  6
Feature parameters for absorptions near 1.66 m in dry and fresh leaves, and plant canopies.
Plant material Center (m) Depth Width (nm) Area (nm)
Leaves, dry Manzanita1-B 1.6629 0.0309 25.6 0.801
Manzanita1-LD 1.6576 0.0250 20.0 0.513
Sage-LD1 1.6246 0.0139 13.5 0.189
Sage-LD2 1.6250 0.0074 16.1 0.117
Pine1-LD 1.6331 0.0050 10.7 0.054
Pine2-LD 1.6347 0.0021 8.9 0.018
Fir-LD 1.6354 0.0024 9.6 0.023
Dougﬁr-LD 1.6363 0.0011 9.2 0.010
Leaves, fresh Manzanita1-LF 1.6572 0.0126 17.3 0.248
Manzanita2-LF 1.6617 0.0184 18.5 0.342
Sumac-LF 1.6559 0.0161 18.2 0.299
Sage-LF 1.6289 0.0093 13.9 0.130
Pine1-LF 1.6323 0.0025 10.0 0.025
Pine2-LF 1.6339 0.0014 7.5 0.010
Fir-LF 1.6358 0.0012 7.8 0.009
Plants Manzanita2-P1 1.6602 0.0148 17.1 0.254
Manzanita2-P2 1.6616 0.0151 16.8 0.260
Manzanita2-P3 1.6610 0.0144 17.3 0.249
Manzanita2-P4 1.6607 0.0096 18.8 0.177
Manzanita2-P5 1.6610 0.0164 17.1 0.287
Manzanita2-P6 1.6597 0.0127 18.1 0.227
Sumac-P 1.6591 0.0045 14.7 0.067
Chokecherry-P 1.6652 0.0014 8.8 0.014
Sage-P1 1.6302 0.0042 12.4 0.053
Sage-P2 1.6303 0.0022 12.9 0.029
Juniper-P 1.6335 0.0086 13.3 0.116
Pine3-P 1.6332 0.0020 10.1 0.020
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Fresh leaves (n = 56) 
Plant canopies (n = 14) 
 nm of this position. The sagebrush plants have absorption features
entered near 1.630 m.  The juniper and pine plants have weak
bsorption features centered near 1.633 m.
pectra of tea with varying phenolic concentrations
Phenolic concentrations in the dried tea leaves ranged from
4.7% to 29.5% by dry weight, with an average concentration
f 19.3% (std. dev. = 4.6%). An absorption feature centered near
.66 m was found in all the spectra of dried, powdered leaves
nd fresh leaves (Fig. 12). On average, the absorption feature was
ost apparent in the dried leaves compared to the fresh leaves,
s evidenced by greater average depths for dried leaves (Table 6).
n absorption feature centered near 1.66 m was found in only
3 of the 46 reﬂectance spectra of tea plant canopies using the
xed continuum endpoints. The automated SFA, with the adjust-
ent of continuum endpoints, found an additional spectrum with
n absorption feature, resulting in 14 spectra with the 1.66 m
bsorption feature. Table 6 shows the average feature parame-
ers for these 14 spectra. The 1.66 m feature in canopy spectra
s weaker compared to dry leaf spectra but stronger compared to
resh leaf spectra.
ontinuum-removed spectra for the 1.66 m feature
Continuum-removed spectra of the 1.66 m feature in selected
henolic compounds, dried plant matter, fresh leaves and plants
re shown in Fig.13a–e. The spectra have been scaled to equiva-
ent depth so the shifts in feature center and spectral shape can be
ore clearly seen. Continuum-removed spectra of selected phe-
olic compounds are shown in Fig. 13a. On average, the lignin
bsorption feature is shifted 17 nm long ward of the tannic acid
bsorption feature. The lignin feature has the least overlap with the
ther phenolics shown in Fig.13a (gallic, ellagic, and tannic acids).
Fig. 13b shows the continuum-removed spectral features for
elected samples from the ACCP data set. This ﬁgure illustrates
he shift in wavelength position that was observed in the aver-9 0.0065 16.2 0.114
5 0.0014 7.6 0.015
0 0.0021 8.7 0.022
age feature positions for species (see Table 5). Red maple has an
absorption feature at the shortest wavelength position. The feature
in red spruce is centered at a longer wavelength position.
Positions of spectral features near 1.66 m for different plant
types are consistent across water status (dry vs. fresh) and mea-
surement level (leaf vs. plant canopy), see Fig. 13c–e. Sagebrush
has a feature at the shortest wavelength position, followed by pine
and ﬁr. Manzanita and sumac maintain absorption feature posi-
tions closest to 1.66 m.  These positions align most closely with
the smaller phenolic compounds (gallic, ellagic, and tannic acid),
which are short ward of the lignin absorption feature position.
Tea phenolic concentrations and the 1.66 m feature
The absorption feature stays at a consistent position in the spec-
tra of tea leaves and plants measured in both the dry and fresh
states (Fig. 14a–c), varying approximately 2 nm from dry leaves to
plant canopies (see Table 6). Linear regression results for the phe-
nolic concentrations related to feature depths, widths and areas
are shown in Table 7. Results are shown for parameter values
derived from both ﬁxed and adjusted continuum endpoints. At the
dried leaf level, feature depths and areas had higher r2 values than
widths. The highest coefﬁcient of determination and lowest RMSE
values were obtained for the feature depths derived with ﬁxed end-
points (r2 = 0.95, RMSE = 1.0% phenol by dry weight). In contrast,
the most accurate regression result for fresh leaves was  obtained
for feature areas derived from the adjusted continuum endpoints
(r2 = 0.79, RMSE = 2.1% phenol by dry weight). At the plant canopy
level, regression results for spectra with the 1.66 m feature were
most accurate for feature areas derived using ﬁxed continuum end-
points (r2 = 0.78, RMSE = 1.0% phenol by dry weight). The scatter
plots of the best regression results at each measurement level are
shown in Fig. 15. Relative to the mean concentrations of phenols,
the results were very good at the dried leaf and plant canopy lev-
els, rRMSE of 4.8% and 5.1%, respectively. At the fresh leaf level, the
rRMSE was lower, at 10.0%.
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Fig. 10. Reﬂectance spectra of fresh leaves (see Table 2 for sample descriptions). Spectra are offset for clarity. From bottom to top spectrum, the offset values added to spectra
a osph
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are  0.0, 0.2, 0.4, 0.6, 0.9, 1.1, and 1.3. Channels in wavelength regions of strong atm
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iscussion
he 1.66 m feature in phenolic compounds, dry leaf, fresh leaf
nd canopy spectra
The spectra of the phenolic biochemical compounds have
bsorption features near 1.66 and 2.14 m (see Fig. 6). Theseeric contamination have been removed and replaced with a thin line. The original
phenolic compounds differ in size and the types of substituent
groups attached to the phenolic ring. Still, they share the common-
ality of at least one arene group (benzene ring) in their chemical
structures. An absorption feature near the 1.66 m position is also
identiﬁable in spectra of plants measured at dry leaf, fresh leaf
and canopy levels (see Figs. 8–12). For dry leaves, the feature is
strongest in red maple, sugar maple, sumac, manzanita, and tea,
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ut is also present in white birch, red oak, and white oak. Elvidge
1990) noted that “absorptions at 1.66 and 2.13 m suggestive of
annin were observed in several dry plant material spectra.” In the
pectra of phenolic compounds, these features are both present.
owever, in the spectra of plant matter presented in this paper,
e see more clearly and consistently the 1.66 m feature across a
ariety of species and phenolic compounds.
The 2.14 m feature is much broader than the narrow 1.66 m
eature and overlaps more with other major plant constituents
han the 1.66 m feature (see Fig. 7). In comparison to the ﬁne
tructure seen in the 2.0–.5 m region of spectra of ellagic acid
nd the smaller phenolics, tannic acid is more smoothly varying
ith a broad absorption feature centered at 2.137 m (see Fig. 6).
his change could be caused be a function of the larger size ofes; (B) ACCP fresh leaf samples; and (C) plant canopies. Features have been scaled
the tannic acid molecule and/or the absorption by the non-phenol
portions of the tannic acid. Tannic acid composition depends on
the source material, typically, tara pods (Caesalpinia spinosa), gall-
nuts from Rhus semialata or Quercus infectoria, or Sicilian sumac
leaves (Rhus coriaria). But commercial tannic acid is often described
as decagalloyl glucose (C76H52O46; see the chemical structure in
Fig. 1). Glucose has a broad absorption feature centered at 2.111 m
(Fig. 16; d-(+) glucose purchased from Sigma–Aldrich #G8270).
Thus, it is likely that the 2.1 m region of tannin and lignin spectra
are inﬂuenced by their glucose components.In comparison to the 2.14 m feature, the absorption at 1.66 m
is at a unique position compared to the major plant biochemi-
cal constituents: cellulose, starch, and protein, which also have
reﬂectance peaks near this wavelength (see Fig.7). Absorption fea-
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Table  7
Linear regression results for parameters of the 1.66 m absorption feature and phenolic concentrations in tea.
Regression results
Tea  mesurement level n Continuum endpoints Feature parameter r2 RMSE (%phenol) Relative RMSE (%)
(RMSE/sample
mean) × 100
F
Dried and ground
leaves
56 Fixed Depth 0.95 1.0 4.8 1098
Width 0.72 2.4 11.7 137
Area 0.95 1.0 4.9 1042
56 Adjusted Depth 0.94 1.1 5.5 805
Width 0.87 1.6 7.8 369
Area 0.92 1.3 6.1 638
Fresh leaves 56 Fixed Depth 0.45 3.4 16.3 44
Width 0.56 3.0 14.6 68
Area 0.57 3.0 14.3 73
56 Adjusted Depth 0.73 2.4 11.4 146
Width 0.64 2.7 13.2 95
Area 0.79 2.1 10.0 208
Plant  canopies 13
of 46 total
Fixed Depth 0.75 1.1 5.5 33
Width 0.73 1.2 5.8 29
Area 0.78 1.0 5.1 40
14 Adjusted Depth 0.63 1.4 6.7 21
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oldface indicates the most accuracte result for each measurement level.
ures in the glucose spectrum (see Fig. 16) do not align with tannic
cid and lignin in the 1.66 m region. These characteristics sug-
est that the 1.66 m feature has greater potential compared to
he 2.14 m feature as a direct indicator of the presence of pheno-
ic compounds. Furthermore, tannic acid and the smaller phenolics
ave features slightly short ward of the lignin absorption feature at
.67 m (see Table 4 and Figs. 7 and 13a), indicating some possibil-
ty that the wavelength position of the absorption feature could be
sed to distinguish tannic acid and other small phenolic molecules
rom the larger lignin molecules. While, the 2.14 m region is
ffected by phenolic compounds, the overlapping absorptions by
ther plant constituents make it more complicated to detect phe-
olic compounds uniquely. For these reasons, we focused on the
.66 m feature; however, follow-on studies of the inﬂuence of
henolics on the 2.0–2.2 m region are warranted.
At the fresh leaf level, our perception of the expressions of plant
iochemistry on reﬂectance spectra has been hindered by the over-
apping absorptions by water (Gao and Goetz, 1994, 1995; Ramoelo
t al., 2011). In this study, the 1.66 m feature absorption feature
emains evident in both dried and fresh leaves of certain species.
he feature persists in manzanita at the dry leaf, fresh leaf, and
lant canopy levels of measurement (see Figs. 9–11 and 13c–e).
he 1.66 m absorption feature is consistent in spectra of dried
nd fresh leaves of tea. For tea canopies, the feature is only evident
n one-third of the spectra. Overall, the depth of the feature lessens
rom the dry leaf to the whole plant level (see Table 6 and Fig. 14). At
he leaf level, the likely cause of the weakening is water. Water has
n absorption feature centered near 1.445 m (Kokaly et al., 2009)
hat extends into the 1.66 m region. This water absorption lowers
he short wavelength shoulder of the 1.66 m absorption feature
nd, thus, lessens the depth of the continuum-removed feature.
t the canopy level, the weakening of the feature is also consis-
ent with integration of shadow and background materials into the
eﬂectance measurement.
Despite the effect of water and other inﬂuences at the canopy
evel, the feature near 1.66 m can be seen in vegetation spectra
resented in past reﬂectance and remote sensing studies. Roberts
t al. (2004) present spectra of conifer bark with a feature near this
osition (for western hemlock, Tsuga heterophylla, and Douglas-ﬁr,
seudotsuga menziesii). In that study, the branch scale spectra of
opulus trichocarpa and Paciﬁc silver ﬁr (Abies amabilis) also appear
o have a weak feature near 1.66 m.  In Schaepman et al. (2009),
resh leaf spectra of three dominant species from the Elburz Moun-0.46 1.6 8.2 10
0.63 1.4 6.7 21
tains, Iran, have an absorption feature near 1.66 m (European
hornbeam, Carpinus betulus; oriental beech, Fagus orientalis; and
chestnut-leaved oak, Quercus castaneifolia).
Without chemical determination of the phenolic subclasses in
our samples, we cannot conﬁrm exactly which phenolic substances
contribute to the 1.66 m absorption. However, given the diversity
of species in which the 1.66 m feature was  observed in this study
and the references to other studies, it is reasonable to hypothesize
that a variety of plant phenolics give rise to this absorption in vivo.
In addition to linking the feature to phenolics in tea, we document
this feature occurring clearly in spectra of other plants, including:
sumac (Rhus sp.), maple (Acer sp.), birch (Betula sp.), manzanita
(Arctostaphylos sp.), and chokecherry (Prunus sp.). Many of these
species have been studied for their relatively high concentrations
of various phenolics. Rhus species have elevated levels of gallic acid
based tannins (Haslam, 2007) and are among the classic sources
for tannic acid, of the hydrolysable tannin class. Acer species have
also been the subject of study for phenolics and variation in tannin
chemistry (Bate-Smith, 1977; Haslam, 1965). Baldwin et al. (1987)
reported phenolic levels up to 20% by dry weight in A. saccharum.
They also observed phenolic concentrations of more than 10% in
Betula allegheniensis.  Shure et al. (1998) tracked total phenolic and
hydrolysable and condensed tannins in oak forests through three
years and showed high levels of these substances in A. rubrum and
Q. alba. Oak species are well known for the tannins in their leaves,
bark, and galls, which were historical resources for extracts to tan
leather hides and to use in medicinals (Paaver et al., 2010; Haslam,
1989; Déyeux, 1793). Several species of oaks (Q. robur L. and Q.
rubra) have been studied with respect to the impact of moth lar-
vae on phenolic concentrations (Schultz and Baldwin, 1982; Feeny,
1970). Arctostaphylos glauca and A. glandulosa contain several phe-
nolic compounds which were, for a time, attributed to allelopathy
in California chaparral ecosystems (Chou and Muller, 1972; Muller
et al., 1968). Some species of Prunus are known to produce proan-
thocyanidins (Haslam, 2007; Bryant et al., 1987).
Estimating plant phenolic concentrations using reﬂectance spectra
The distinct position of the absorption feature at 1.66 m com-
pared to the absorptions of lignin, cellulose, and other major plant
biochemical components suggest the detection and quantiﬁcation
of plant phenolics using reﬂectance spectra could be robust. The
unique positioning of absorption features has been shown to be
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Fig. 15. Linear regression results for 1.66 m feature parameters and tea phenolic
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a strong underpinning for statistical methods that utilize spectra
to quantify plant biochemistry. Kokaly (2001) showed the posi-
tions of protein absorption features at 2.05–2.17 m were offset
compared to the cellulose and lignin absorption features centered
near 2.10 m.  The unique positioning of these features, caused by
N-containing amide bonds, contributes to the successful quantiﬁ-
cation of leaf N from reﬂectance spectra even though it is far less
abundant than cellulose and lignin. Leaf N is typically less than 4%
by dry weight. Together, lignin and cellulose are usually greater
than 60% of the weight of dried leaves (Kokaly and Clark, 1999).
The persistence of the 1.66 m absorption feature in fresh leaf
and plant spectra gives strong support to past studies that have
used reﬂectance spectra to predict concentrations of phenolics.
Windham et al. (1988) found that the wavelength 1.664 m was
of the highest importance in predicting tannin concentrations
using the reﬂectance spectra of dried and ground leaves of the
legume Sericea lespedeza. Ferwerda et al. (2006), in relating ﬁrst
derivatives of reﬂectance of fresh and senescent mopane (Colophos-
permum mopane) leaves to tannin content, found that wavelength
1.640 m was  selected during bootstrap phase, though it was  not
used in the ﬁnal prediction model. Bian et al. (2010) predicted tea
polyphenol concentrations using PLSR, again using ﬁrst derivative
of reﬂectance. That study showed good results for both dried and
fresh leaves and high correlations in the 1.66 m region. Bian et al.
(2013) extended this work to ﬁeld spectra of plant canopies with
good success, but did not ﬁnd that data in the 1.66 m region played
an important role in predicting tea polyphenols at the canopy level.
While such statistical studies are of great utility in an applied
way, they use methods that utilize all channels in a spectrometer
to generate correlations, a strength in developing relationships for
speciﬁc sample populations. However, these methods do not focus
on speciﬁc wavelengths where the biochemical of interest has its
greatest effect. Past studies have shown that direct focus on absorp-
tion feature parameters can result in high correlations with plant
chemistry (Kokaly and Clark, 1999; Kokaly, 2011; Girma et al., 2013;
Malenovsky´ et al., 2013) and detection of stress (Sanches et al.,
2014). In this study, we directly related the 1.66 m absorption
feature parameters (depth, width, and area) to phenolic concen-
trations for the tea spectra of Bian et al. (2013) using simple linear
regression (see Table 7). At the dry leaf level of measurement, very
strong relationships were found with feature depth and area and
phenolic concentrations using both ﬁxed and adjusted continuum
endpoints (r2 ≥ 0.9 and RMSE ≤ 1.3). These results are comparable,
though not quite as high, as those obtained by Bian et al. (2010,
2013),) using PLSR.
At the fresh leaf level, the coefﬁcients of determination were
lower and the RMSEs were higher than the dry leaf results (see
Table 7). Possible reasons for the weaker relationships are: (1) the
impact of leaf water, and (2) the lower signal:noise ratio (SNR) of the
fresh leaf measurements. The fresh leaves were measured in thick
stacks which accentuates the absorption by leaf water for radiation
that penetrates each leaf layer. As discussed, leaf water lessens the
apparent strength of the 1.66 m feature. As the number of lay-
ers increases, water absorption dominates stacks of fresh leaves
and reduces the features of other plant constituents. As noted ear-
lier, depths of the 1.66 m feature were greater in canopy spectra
than fresh leaves. If the leaves were stacked in piles higher than
the canopy leaf area index, the water absorption in the fresh leaf
measurement will be greater than the canopy and the fresh leaf
1.66 m feature depth reduced compared to the canopy.
Measurement SNR greatly impacts fresh leaf spectra because
reﬂectance (signal) is low due to water and the 1.66 m feature is
weakened by water. Thus, noise is more evident in the continuum-
removed spectra of fresh leaves (compare Fig. 14a and b). Future
studies should increase the integration times for dark current,
white reference, and sample spectra, and increase the number
78 R.F. Kokaly, A.K. Skidmore / International Journal of Applied Earth Observation and Geoinformation 43 (2015) 55–83
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tig. 16. Reﬂectance spectra of camphene, glucose, tannic acid, ﬂavone, and benzen
pectra  are 0.0, 0.35, 0.6, 0.9, and 1.3. The original reﬂectance values for channels at
f spectra recorded so that the SNR of the average spectra are
ncreased.
At the canopy level, the impact of low SNR may help to explain
hy only 14 of 48 spectra showed evidence of an absorption feature
t 1.66 m.  In addition to leaf water effects, canopy shadows fur-
her decrease reﬂectance levels and lower SNR (see Figs. 12 and 14).
espite these effects at the canopy level, good correlations were
till found between phenolic concentrations and feature parame-
ers derived using ﬁxed continuum endpoints (see Table 7). Thectra are offset for clarity. From bottom to top spectrum, the offset values added to
m are labeled next to each spectrum.
best correlation was  found with feature area (r2 = 0.78, RMSE = 1.0%
phenol by dry weight, rRMSE = 5.1%, n = 13). Bian et al. (2013) used
PLSR and achieved high correlations at canopy level (r2 = 0.84,
RMSE = 1.4% phenol by dry weight, rRMSE = 6.8%, n = 48). However,
they found that wavelengths in the 1.66 m region did not have
an important role in predicting tea polyphenol concentrations,
possibly indicating that the inﬂuences of other plant biochemical
constituents were driving the high correlations achieved by PLSR,
as suggested by Bian et al. (2013).
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An important consideration in applying reﬂectance spectra to
redict plant composition is the accuracy of any wet  chemistry
ethod used to determine biochemical concentrations. The most
ommon chemical method for determining phenolic content is
he Folin-Ciocalteu Reaction (FCR; Folin and Ciocalteu, 1927). FCR
as initially developed for protein analysis through the reagent’s
ctivity toward protein tyrosine residues. It was  later utilized by
ingleton and Rossi (1965) to quantify total phenols in wines. How-
ver, Singleton et al. (1999) noted the many potential interfering
ubstances which can inhibit, add, or enhance the color change
n the reagent, including aromatic amines, aminophenols, indoles,
urines, proteins, sugars, ascorbate, citrate, and sulﬁte. Huang et al.
2005) suggest that a more descriptive term for FCR is as a measure
f “reducing capacity” rather than “total phenolic capacity.” The
arious phenolic compounds have differing degrees of activity in
CR. These issues with FCR has led some researchers to use other
pproaches, such as enzymatic methods, for quantifying total phe-
olic content in tea and wine (Stevanato et al., 2004). Because of
he variable reaction of phenolic compounds to the reagent and the
nterferences from other substances, FCR results obtained for one
ample type are not necessarily comparable to other samples types.
he chemical nature of FCR is still undeﬁned, but it is convenient
nd simple. Still, comparison of FCR results between species should
e done with careful consideration of plant phenolic composition
nd potential interference between phenolic compounds.
dentifying the chemical bonds contributing to the 1.66 m
bsorption feature
Given the consistency of the 1.66 m absorption feature in plant
henolics, its identiﬁcation in leaf and plant spectra, and its use-
ulness in quantifying the phenolic concentrations in vegetation,
everal questions are provoked: (1) what is the speciﬁc chemical
ond that causes the absorption, (2) is that bond common in other
iochemical constituents of plants, and (3) how is it affected by
olecule size and neighboring bonds (i.e., how much does the fea-
ure shift in wavelength position and feature shape from gallic acid
o tannic acid to lignin). Development of this knowledge is needed
enerally to improve our understanding of plant reﬂectance and
ould be used for separating the inﬂuences of small phenolics on
eﬂectance spectra as distinct from lignin.
Windham (1988) suggested the 1.664 m region was  inﬂuenced
y the ﬁrst overtone of a C H stretching fundamental in the aro-
atic portions of tannins, citing (Wheeler, 1959). Cloutis (1989) in
 study of hydrocarbons, reports the ﬁrst overtone of the aromatic
 H bond to be in the region of 1.65 m.  Fig. 16 shows that spec-
rum of benzene, measured frozen at 84 degree K (Clark et al., 2010),
as an absorption feature centered at 1.672 m.  At this wavelength,
here is also a peak in the spectrum of the absorption coefﬁcient of
iquid benzene at room temperature (spectrum not shown here).
lavone, the non-hydroxylated baseline molecule to the ﬂavonol
henolic class (such as quercetin), has a strong absorption feature
t 1.67 m.  These molecules differ from phenolics by the absence
f hydroxyl ( OH) in their chemical structure; but they still have
bsorption at a similar position. This is consistent with an inter-
retation of the 1.66 m feature in plant spectra as arising from
he ﬁrst overtone of the C H bond in carbon atoms on the aro-
atic rings in phenols (aromatic methine functional group CH)
nd not the hydroxyl group bound to the aromatic rings in these
olecules (Barton and Himmelsbach, 1993). This means that the
hysical basis for linking phenolic concentrations and reﬂectance
ariations in the 1.66 m region is absorption by a functional group
hat is not limited to just phenols. Non-hydroxylated aromatic rings
an and do exist in other plant biochemical components (e.g., in
mino acids like phenylalanine). Thus, this study does not attribute
he 1.66 m feature solely as a phenolic absorption. Likely, thearth Observation and Geoinformation 43 (2015) 55–83 79
1.66 m feature is indicative of plant aromatics as a general class.
Though, such casual attributions should not be made without more
comprehensive studies on the in vivo chemical state of phenolic,
non-hydroxylated aromatics, and similar molecules, their relative
abundances in plant matter, and their expression on leaf and plant
reﬂectance.
Distinguishing the spectral inﬂuences of tannin and smaller plant
phenolics from lignin
Conclusive separation of the spectral impacts of tannic acid and
smaller phenolics from lignin requires a comprehensive database of
spectra and biochemical concentrations and leaf reﬂectance, more
comprehensive than we have studied in this paper. The tea spectra
have associated phenolic concentrations but lack quantiﬁcation of
the major plant biochemical, including lignin, cellulose, and protein
(or nitrogen as a proxy for protein). The ACCP dataset has good
quantiﬁcation of these major plant constituents, but lacks data on
phenolics. However, since the 1.66 m feature is expressed in some
species which are expected to be enriched in tannins and other
phenolics (e.g., red maple), we examined, to the extent possible,
the shift in the 1.66 m spectral feature across species in the ACCP
data set.
First, we  examined the spectra of samples with high lignin
concentration in the ACCP data set. These samples had lignin con-
centrations greater than or equal to 30% by dry weight. We  saw no
evidence of an absorption feature at 1.66 m in these spectra.
Second, we  examined the shift in the 1.66 m feature in rela-
tion to the major plant constituents, lignin and cellulose. In the
ACCP data set, the feature is strongly and consistently evident in the
spectra of all or most samples of red maple, sugar maple, and white
birch. The absorption feature is slightly shifted to longer wave-
lengths in the spectra of a lesser fraction of samples of other species
(red oak and white oak). In spectra of samples of white pine and red
spruce the feature has shifted away from the 1.66 m absorption
and closer to the 1.67 m position.
Both the abundance of phenolic components and the inﬂu-
ence of non-phenolic biochemical constituents in plants could be
inﬂuencing the shift in the feature from 1.66 to 1.67 m. Lower
concentrations of non-lignin phenolics could result in the absorp-
tion feature being positioned closer to 1.67 m.  On the other hand,
higher concentrations of lignin in pine and spruce may  be the cause
of this shift. The ACCP data on lignin concentrations shows that in
both absolute values and as a ratio to cellulose, lignin is more dom-
inant in pine and spruce biochemistry compared to the maples and
oaks (see Table 5). This suggests that the expression of the 1.66 m
absorption feature in plants could be reduced in appearance by the
dominance of lignin in leaves.
Soukupová et al. (2002), in examining measured spectra of liq-
uid phenolics and lignin and tannin powders, suggested that lignin
concentrations calculated on the basis of near infrared spectral
characteristics could be greatly inﬂuenced by other phenolic com-
pounds such as tannins. They suggested that variations in phenolic
content could be a reason why lignin prediction tends to have lesser
performance than cellulose and nitrogen prediction in studies relat-
ing plant reﬂectance and biochemistry. We approach that issue in a
different way  in this study, seeing that for species with lower lignin
concentration, the 1.66 m feature related to phenolics is strongly
expressed. For species with higher lignin concentration the feature
is no longer directly detectable as a dip in the reﬂectance curve.
To improve reﬂectance based estimates of phenolics and lignin
and to better understand shifts in absorption feature positions
in plant spectra, a more comprehensive quantiﬁcation of these
compounds in leaf samples needs to be coupled with high qual-
ity spectral measurements. The quantiﬁcation should include the
subcomponents of larger phenolics, for example, condensed and
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ydrolysable tannins and the monolignol subunits of lignin. From a
roader perspective, we need to move from a gross oversimpli-
cation of plants as containing generic “dry matter” with three
ssociated absorption regions in the SWIR (1.7, 2.1 and 2.3 m)
o a more detailed understanding of how the subtle expressions
f speciﬁc chemical bonds in the large biochemical components
f plants cause wavelength shifts and shape changes in the SWIR
egion. For example, the shifts and shape changes observed in the
.1 and 2.3 m features of plants as a function of lignin:cellulose
atio (Kokaly et al., 2007, 2009).
bsorption features centered near 1.63 m in sagebrush and
vergreens
Spectra of sagebrush leaves, evergreen needles, and plant
anopies have an absorption feature near 1.63 m feature (see
igs. 9–11 and 13 and Table 6). Given that the phenolic absorption
eature centers are in the range of 1.653–1.672 m,  the absorption
eature in these sage and evergreen plants is likely due to a dif-
erent biochemical, perhaps a constituent of minor and/or highly
ariable concentration, as other spectra of these vegetation types
ere examined which did not exhibit a 1.63 m feature. In other
tudies of sagebrush spectra (Mitchell et al., 2012), dry leaves of big
agebrush clearly show an absorption feature near 1.63 m.  The
eature also appears to be weakly present in the canopy spectra of
ig sagebrush in that study.
Artemisia species can have elevated concentrations of terpenes
nd terpenoids, including acyclic molecules, such as artemisia
etone and myrcene, cyclic molecules, such as artemiseole and
amphor, and bicyclic monoterpenes, such as -pinene, cam-
hene, and 1,8-cineole (Kelsey et al., 1983; Lopes-Lutz et al.,
008). Concentrations of these constituents can shift seasonally,
ith leaf age, and in response to herbivory (Kelsey et al., 1983;
opes-Lutz et al., 2008). Terpenes are also prevalent in conifers
n cyclic and acyclic forms, including enantiomers of - and -
inene, camphene, sabinene, terpinolene, and sesquiterpenes, such
s humulene, caryophyllene, and longifolene (Pureswaran et al.,
004). It is possible that one or more classes of terpene could be
ausing the absorption near 1.63 m.  In contrast to phenolic com-
ounds; terpenes do not have aromatic groups in their structure.
on-oxygenated, linear hydrocarbons tend to have absorption fea-
ures closer to 1.7 m (Kokaly et al., 2013), as has cineole (Wilson
t al., 2001). But overtones of absorption by C H have been seen
o shift to shorter wavelengths when linked to terminal epoxide
roups (Wheeler, 1959), suggesting that terpenes with such groups
ight be a possible cause of this absorption in sagebrush and ever-
reens.
Fig. 16 shows the spectrum of camphene, a bicyclic monoter-
ene. In addition to a broad absorption feature centered at 1.7 m,
amphene has a strong, narrow absorption feature centered at
.639 m.  The 1.639 m feature of this terpene is a closer match
o the absorption features in conifer and sage than the phenolic
bsorptions near 1.66 m.  A small peak in the absorbance spectrum
f eucalyptus oil (a steam distillate of eucalyptus leaves and termi-
al stems rich in the terpene 1,8-cineole) can be discerned in the
.63–1.64 m range in Wilson et al. (2001). If terpenes can be linked
o the 1.63 m feature, a possible explanation for the lack of consis-
ency in the presence of the feature are the wide range in terpene
oncentrations within foliage of a single plant and between plants
n the same area (Pureswaran et al., 2004). Additional research is
arranted to more fully examine the terpene components of plants
nd the absorption features of pure terpene compounds in relation
o the spectral features in dry and fresh leaves and plant canopies
hown in this study.arth Observation and Geoinformation 43 (2015) 55–83
Phenolic constituents and ecological studies
While the focus in this study has been on the spectroscopic
aspects of plant phenolics, the development of such fundamen-
tal knowledge for quantifying them at leaf and canopy levels
has potential beneﬁts to ecological studies. Wilt and Miller
(1992) investigated the seasonal variations in phenolic composi-
tion among different species and subspecies of sagebrush, including
constituents that inhibit grazing herbivory. Skidmore et al. (2010)
applied airborne imaging spectrometer data to reveal the spatial
patterns of polyphenols and nitrogen in mopane trees and shrubs
across a savanna landscape. Differences in polyphenol concen-
trations related to soil composition (affected by geologic parent
material) and disturbance history (ﬁre). From the ecosystem per-
spective of grazing wildlife, Skidmore et al. (2010) demonstrated
the potential of canopy biochemical determinations from remote
sensing for studying spatial patterns of both available resources
and potential chemical inhibitors, by mapping N and polyphenol
concentrations, respectively. Recent studies have focused on how
the diversity in phenolics can be related to taxonomic classes in
tropical forests. Asner et al. (2011) found wide ranges in pheno-
lic concentrations (5–358 mg/g) in species from a lowland Borneo
forest. The phenols and tannins were found to be important to sep-
arating canopy plants at the species, genus, and family levels (Asner
et al., 2012).
Conclusions
A weak, narrow absorption feature centered near 1.66 m was
detected in the spectra of dry leaves, fresh leaves, and plant
canopies of several species. The feature was  strongest and most per-
sistent in spectra of manzanita, sumac, red maple, sugar maple, and
tea. This feature appeared consistent with absorption caused by the
ﬁrst overtone of the aromatic C H bond present in in phenolic com-
pounds and non-hydroxylated aromatics. Lignin had an absorption
feature shifted to slightly longer wavelengths (1.67 m)  compared
to the smaller phenolic compounds, such as tannic acid, ellagic acid,
gallic acid. Overlapping absorption by water was  observed to cause
apparent weakening of the 1.66 m feature in fresh leaf and canopy
spectra compared to dry leaf measurements. The weakening was
evidenced by reduced feature depths, widths, and areas computed
using continuum removal and spectral feature analysis methods.
Simple linear regressions of 1.66 m feature depths, widths and
areas with phenolic concentrations in tea resulted in high corre-
lations and low errors at all measurement levels (dry leaf feature
depth, r2 = 0.95, RMSE = 1.0%, n = 56; fresh leaf feature area, r2 = 0.79,
RMSE = 2.1%, n = 56; and canopy feature area, r2 = 0.78, RMSE = 1.0%,
n = 13). The strengths of these relationships are comparable, though
slightly lower, to past studies that used full spectra and PLSR sta-
tistical methods to predict phenolic concentrations. By contrast,
in this study only a single, individual feature parameter derived
directly from the 1.66 m feature was used in each simple linear
regression analysis.
The potential utility of weak spectral features underscores the
need for robust practices in spectral measurements, including vali-
dation of sensor wavelength and bandpass performance, collection
of measurements with high signal-to-noise ratio, and conversion
of spectra to absolute reﬂectance. The degree to which the 1.66 m
absorption feature can be directly exploited to quantify plant phe-
nolics remains to be fully tested. The tea polyphenols related to the
1.66 m feature in this study are comprised of a single class of con-
densed tannins (based on catechins or ﬂavan-3-ols). More study is
needed to examine the strength of this relationship with other plant
phenolics, including other condensed tannins and hydrolysable
tannins. Notably, this study did not address the potential indi-
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ated by some recent studies in using spectra collected by airborne
maging spectrometers for quantifying and mapping plant phenolic
oncentrations across a landscape.
Spectra of sagebrush leaves, evergreen needles, and canopies
f these plants showed an absorption feature with a center near
.63 m.  This feature is shifted 30 nm short ward of absorp-
ion features in phenolic compounds. Elevated levels of terpene
ompounds can sometimes be found in these vegetation types.
n absorption feature of the terpene camphene was  found at
.639 m,  close to the absorption seen in spectra of sagebrush and
onifers. More work is needed to validate that terpenes cause the
bsorptions seen in the leaf and canopy spectra of these plants.
This study contributes to the body of literature that shows that
ubtle variation in vegetation spectra in the SWIR can directly indi-
ate biochemical constituents of lesser abundance than the major
lant components. Though of lower abundance, these components
ave important plant functions. Dry leaf spectra should not all be
ssumed to be the same. The gross changes wrought by struc-
ural biochemical constituents, such as lignin and cellulose, and
mall variations caused by phenolics can both contribute to spec-
ral discrimination of species. The demonstrated links between
henolic absorption features and those evident in plant spectra,
nd high correlations between the 1.66 m feature and pheno-
ic concentrations, support past studies showing statistical success
n predicting phenolic concentration estimates from reﬂectance,
ven at the canopy level. New detailed studies are warranted to
dvance our knowledge of the spectral inﬂuences of plant phe-
olics of various types (e.g., condensed and hydrolysable tannins)
elative to dominant biochemistry (water, chlorophyll, nitrogen,
ellulose, and lignin). Especially challenging to our comprehen-
ion is the inﬂuence of plant phenolics when concentrations are
ow and less prominent in spectra. Leaf and canopy models repre-
ent one potential avenue for advancing that understanding. The
evelopment of a greater understanding of vegetation reﬂectance
ould be signiﬁcantly assisted by large public databases of spectra
nd related chemistry that go beyond basic plant constituents by
ncluding phenolics, terpenes, proteins, amino acids, starch, hemi-
ellulose, sugars, and other important plant components.
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